We report the temperature-pressure-magnetic field phase diagram of the ferromagnetic Kondolattice CeTiGe3 determined by means of electrical resistivity measurements. Measurements up to ∼ 5.8 GPa reveal a rich phase diagram with multiple phase transitions. At ambient pressure, CeTiGe3 orders ferromagnetically at TC = 14 K. Application of pressure suppresses TC, but a pressure induced ferromagnetic quantum criticality is avoided by the appearance of two new successive transitions for p > 4.1 GPa that are probably antiferromagnetic in nature. These two transitions are suppressed under pressure, with the lower temperature phase being fully suppressed above 5.3 GPa. The critical pressures for the presumed quantum phase transitions are p1 ∼ = 4.1 GPa and p2 ∼ = 5.3 GPa. Above 4.1 GPa, application of magnetic field shows a tricritical point evolving into a wing structure phase with a quantum tricritical point at 2.8 T at 5.4 GPa, where the first order antiferromagneticferromagnetic transition changes into the second order antiferromagnetic-ferromagnetic transition.
INTRODUCTION
Quantum phase transitions (QPT) in metallic ferromagnets have been studied for many years and remain a subject of great current interest [1] . The paramagnetic (PM) to ferromagnetic (FM) transition can be suppressed with nonthermal control parameters such as pressure, chemical composition or external field often leading to a T = 0 K, QPT. However, according to the current theoretical models, when suppressing the FM phase with a clean parameter such as pressure, a continuous PM to FM transition is not possible. Instead, the transition becomes of the first order or a modulated magnetic phase can appear. The possibility of a first-order transition or the appearance of modulated magnetic phases was first discussed in Ref. 2 and 3. In the case of the transition becoming of the first order, a wing structure was predicted in Ref. 4 and observed in UGe 2 [5] and ZrZn 2 [6] . The case of the appearance of a modulated magnetic phase is more complex [2, 3, [7] [8] [9] [10] [11] [12] and an experimental examples were found in LaCrGe3 [12] and CeRuPO [13] . Observation of both tricritical wings and modulated magnetic phase in LaCrGe 3 is a good example of a complex phase diagram and provides a new example of the richness of the phase diagram of metallic quantum ferromagnets [14] . Recently, Belitz and Kirkpatrick proposed that such complex phase diagram is due to quantum fluctuation effects [15] .
Cerium based compounds have attracted attention due to interesting ground states, such as heavy-fermion, unconventional superconductor [16, 17] , Kondo insulator [18] , magnetic ordering [19, 20] , etc. Whereas many Ce-based compounds manifest an antiferromagnetic (AFM) ground state, only few systems are known with FM order and pronounced Kondo effects. CeRuPO [13] , CeAgSb 2 [21, 22] , CeNiSb 3 [23] , CePd 2 Ge 3 [24] and Ce 2 Ni 5 C 3 [25] are some examples of the Ce-based ferromagnets, which show complex phase diagrams under the application of pressure. Interestingly, the FM transition in these materials is suppressed with the pressure and new magnetic (most probably AFM) phases appear before the Curie temperature reaches 0 K but no wing structure in the T -H-p phase diagrams has been observed so far. According to the recent theoretical work by Belitz et al. [15] , it is possible to have unobservable tricritical wings inside the AFM dome. In most of these cases, lack of in-field measurements under pressure prevents from constructing the temperaturepressure-field phase diagram and getting a better understanding of the system. Therefore, it is interesting to further investigate the temperature-pressure-field effect on a Ce-based ferromagnetic system. To address this, we present measurements of electrical resistivity under pressure up to ∼ 5.8 GPa and magnetic field up to 9 T on ferromagnetic CeTiGe 3 .
CeTiGe 3 is one of the relatively rare examples of a ferromagnetic Kondo lattice (γ=75 mJ mol 1 K 2 [26] ); it orders with a Curie temperature, T C = 14 K [27] . It crystallizes in the hexagonal perovskite BaNiO 3 -type structure (P 6 3 /mmc) [27] . Magnetization measurements show highly anisotropic behavior with c-axis being the easy axis of magnetization [26] . A Curie-Weiss fit to the susceptibility data yields an effective moment of 2.5 µ B , consistent with the reported values [26] and nearly equal to the value for free-ions trivalent Ce (2.54 µ B ). The reported saturation moment at 2 K from the magnetization data (1.72 µ B /Ce) along the c-axis [26] is comparable with the value obtained from the neutron diffraction study(1.5 µ B /Ce) [28] . Substitution of titanium by vanadium (CeTi 1−x V x Ge 3 ) causes a suppression of the Curie temperature down to 3 K at x = 0.3 and suggests a possible quantum critical point or phase transition near x ≈ 0.35 [28] . In contrast to the effect of substitution, a very small, initial positive pressure derivative of T C (dT C /dp ≈ 0.3 K GPa −1 up to 1 GPa) suggests that CeTiGe 3 is located near the maximum of the magnetic ordering temperature in the Doniach model [28] . However, all substitution and pressure measurements have been done on the polycrystalline material and only to modest pressure, p < 1 GPa. To get a better understanding of T -p-H phase diagram, possible FM instability and QCP it is important to perform high pressure studies on single crystalline samples of CeTiGe 3 over a wide pressure range.
EXPERIMENTAL METHODS
Single crystals of CeTiGe 3 were grown using a high temperature solution growth technique [29, 30] . A mixture of elemental Ce, Ti and Ge was placed in a 2 mL fritted alumina crucible [31] with a molar ratio of Ce:Ti:Ge = 4:1:19 [26] and sealed in a silica ampule under a partial pressure of high purity argon gas. The sealed ampule was heated to 1200 ℃ over 10 hours and held there for 5 hours. It was cooled to 900℃ over 120 hours and excess liquid was decanted using a centrifuge. A good quality sample (based on the residual resistivity ratio) for the pressure study was selected after ambient pressure characterization by the magnetization and resistivity measurements. Temperature and field dependent resistance measurements were carried out using a Quantum Design (QD) Physical Property Measurement System (PPMS) from 1.8 K to 300 K. The ac-resistivity (f = 17 Hz) was measured by the standard four-probe method with the 1 mA current in the ab plane. Four Au wires with diameters of 12.5 µm were spot welded to the sample. A magnetic field, up to 9 T, was applied along the c-axis, which corresponds to the magnetization easy axis [26] . A modified Bridgman cell [32] was used to generate pressure for the resistivity measurement. A 1:1 mixture of n-pentane:iso-pentane was used as a pressure medium. The solidification of this medium occurs around ∼6-7 GPa at room temperature [33] [34] [35] [36] [37] . The pressure at low temperature was determined by the superconducting transition temperature of Pb [38] .
RESULTS AND DISCUSSION
The temperature dependencies of the in-plane resistivity of single crystalline CeTiGe 3 under various pressures up to 5.76 GPa are shown in Fig. 1 (a) . At ambient pressure, the resistivity exhibits typical Kondo-lattice behavior with a broad minimum ∼ 190 K followed by a maximum at T max = 31 K. The T max is assumed to be related to the Kondo interaction with a changing population of crystal electric field levels [26, [39] [40] [41] . The FM transition manifests itself in the resistivity data as a sharp drop at T C = 14.2 K. Similar values of T C have been reported from polycrystalline and single crystalline samples [26] [27] [28] . The residual resistivity ratio (RRR) is 19, a value that suggests a rather good quality of the sample. Upon application of pressure the resistivity at room temperature increases linearly with a rate of 7.4 µΩ cm GPa over the whole pressure range (see inset of Fig. 1 (a) ), both the local maximum and local minimum in the resistivity broaden and move to higher temperatures with increasing pressure. The evolution of the low temperature resistivity is shown in Fig. 1 (b) ; data are offset by increments of 10 µΩ cm for clarity. Figure 2 shows the evolution of the low temperature resistivity and its temperature derivatives in three selected pressure regions; (I) p < 4.1 GPa (II) 4.1 GPa < p < 5.3 GPa and (III) p > 5.3 GPa.
Below Although features in the ρ(T) corresponding to the MP1 and MP1' transitions look similar, it is unclear whether it is same phase or not. Figure 3 shows the evolution of the temperature derivative of the resistivity for representative pressures. Solid symbols represent the criteria described in Fig. 2 .
The temperature-pressure (T − p) phase diagram of CeTiGe 3 obtained from the resistivity measurements, is summarized in Fig. 4 (a) . At low pressures, the Curie temperature of the ambient pressure, FM phase (solid squares) shows a very weak pressure dependence and then decreases with pressure. For 4.1 GPa ≤ p ≤ 5.3 GPa, there is an evidence for two phase transitions, MP1 and MP2 in the ρ(p, T ) curves, which interrupted the initial FM phase transition line.
A similarly complex T − p phase diagram has been observed in CeNiSb 3 [23] and the recently studied itinerant ferromagnet LaCrGe 3 [12] . Pressure induced transitions from FM to AFM state are also observed in several other Cebased compounds, such as CeAgSb 2 [22] , CeNiSb 3 [23] , CePd 2 Ge 3 [24] , Ce 2 Ni 5 C 3 [25] and CeRuPO [13] . Above 5.3 GPa, the low temperature MP2 phase disappears and MP1' continue to decrease with the increase of pressure. As mentioned above, it is unclear whether there is a phase boundary between MP1 and MP1' near 5.3 GPa.
In addition to the T − p phase diagram, we find that, T max monotonically increases from 31 K to 82 K upon increasing pressure (Fig. 4 (b) ). The smooth change of T max indicates that the existence of the new phases is not associated with a discontinuous changes in the electronic or crystal structure or CEF splitting. Figure 4 (c) shows the pressure evolution of the resistivity at 1.8 K. The re- sults show breaks in ρ 1.8K (p) at p 1 (FM to MP2) and a maximum at p 2 (MP2 to MP1). The exact nature of the phase transitions at p 1 and p 2 are not known and to resolve this, it would be useful to study the magnetic ordering wave vector under pressure.
Application of an external magnetic field adds another dimension to our phase diagram and different behavior of the resistivity anomalies under magnetic field allow us to explore further new phase regions of this material. Figure 5 (a) shows the temperature dependence of ρ at different magnetic fields, applied along the c-axis, at 4.48 GPa. The sharp drop in the resistivity at low fields (µ 0 H ≤ 0.3 T) broadens at higher fields. These data manifest hysteretic behavior up to 0.5 T, indicating the first order nature of the transition. The zero-field kink in the resistivity, at 9.8 K, changes into a hump with the increase of field (0.25 T) and disappears at 0.3 T. Another hump like feature appears above 0.35 T and broadens with further increase of the field. These features can be clearly observed in temperature derivative shown in Fig. 5 (b) .
The field dependence of ρ (p = 4.48 GPa) below 7 K shows a metamagnetic transition with a low field plateau followed by a step-like feature and develops into two Fig. 1(a) ), as a function of pressure. (c) Pressure dependence of the ρ at 1.8 K.
transitions above 7 K (Fig. 5 (c) ). The solid and dashed lines represent the field increasing (ρ up (H)) and decreasing (ρ down (H)) respectively. The difference between ρ up (H)-ρ down (H) shows a sizable deviation (ρ is smaller in the increasing-field than the decreasing-field) for 0 ≤ H ≤ 0.3 T range. In Fig. 5 , hysteresis is apparent not only in the transition temperature ( Fig. 5 (a) ) and transition field (Fig. 5 (c) ), but also in the magnitude of the resistivity. Similar hysteretic behavior is observed in the CeAuSb 2 [43] [44] [45] and CeT Al 4 Si 2 (T = Rh, Ir) [46] . Based on the hysteretic behavior, we can conclude these metamagnetic transitions are likely associated with a first-order phase transition. The observed hysteresis in the magnitude of resistivity indicates the possibility of magnetic domains. At temperatures above 11 K, the resistivity shows a very broad anomaly and no transition has been observed. Criteria used to obtain transition fields are shown in the inset of Fig. 5 (c) . For these data the sample was cooled in zero field and then ρ(H) data was collected for increasing field (ρup) and then decreasing field (ρ down ). Then increase the temperature to the desired value and data was collected for increasing and decreasing field. Continuous and dashed lines represent the field increasing and decreasing respectively. Insets show the observed hysteretic behavior and the criteria used to obtain the transition fields. Above 7 K no hysteretic behavior is observed. Temperature dependence hysteresis widths for the transition at H1 are shown in Fig. 6 Fig. 10 . Figs. 7(b) and (c) represent the fitted curves to the data. We noticed that the transition width ( Fig. 7 (f) right axis) at H1 at 1.8 K remains small for the first-order transition and becomes broad in the second-order regime. Using linear extrapolation as represented by red dashed lines, we obtained pressure corresponding to the TCP at 1.8 K, which is 5.3 GPa. In addition to that, the temperature dependence hysteresis width for transition H1 at 1.8 K is also suppressed with the pressure and disappeared above 5.3 GPa as shown in Fig. 7 (f) left axis. Figure 7 (g) shows the H − p phase diagram at 1.8 K constructed from the above criteria. The magnetic field that corresponds to the H1 transition is shifted up with pressure. Its extrapolation down to zero yields p ∼ = 4.1 GPa, which is in agreement with 
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p ( G P a ) 1 . 8 K the p 1 obtained from T -p diagram (Fig. 4 (a) ). We observe the increasing rate of metamagnetic transition field with respect to pressure, changes near 5.3 GPa. Similar H − p phase diagrams at low temperature have been observed in LaCrGe 3 [14] and CeRu 2 (Si 1−x Ge x ) 2 system [48, 49] . CeRu 2 Ge 2 is a local moment system [50] , while CeRu 2 Si 2 is itinerant [51] . Application of pressure to CeRu 2 Ge 2 gives nearly same magnetic phase diagram as that of CeRu 2 (Si 1−x Ge x ) 2 [52, 53] . Observed transport and de Haas-van Alphen data suggest that, for this system, change of the f -electron nature from local to itinerant occurs when the FM phase disappears [48] . On the other hand, itinerant ferromagnet LaCrGe 3 show tricritical wings as well as modulated magnetic phase. Interestingly, T −p−H phase diagram of both LaCrGe 3 [14] and CeRu 2 Ge 2 [49] without AFM states is similar to the itinerant weak ferromagnet like UGe 2 [5] . This similarity might imply that the physics behind these phase diagrams are not very different.
. 3 G P a F u l l w i d t h t r a n s i t i o n ( T )
The projection of the wing lines in T − H, T − p and H − p planes are shown in Figs. 8 (a),(b) and (c) respectively. The wing lines can be extrapolated to a quantum-tri-critical-point (QTCP) at 0 K, which is found to be at 2.8 T at 5.4 GPa. Theoretical analysis based on Landau expansion shows that the slope of the wings dT /dH and dp/dH are infinite near H = 0 T [54] . This was observed experimentally in URhGe [55] . It was also observed in LaCrGe 3 , despite the existence of another magnetic phase [14] . Here, we do not observe such behavior which could be due to the existence of the magnetic phase MP1 or to the lack of data near p 1 . More careful measurements near p 1 . are required. Also, the TCP at H = 0 T is found to be ∼ 8 K and this is below the MP1 transition. A similar observation was made in LaCrGe 3 [14] where the TCP seems to be located below the Lifshitz point. Recent theoretical description by Belitz and Kirkpatrick in Ref. 15 shows the complex behavior of the phase diagrams of metallic magnets when an AFM order is observed in addition to the FM phase due to the quantum fluctuations. Similar to the Fig. 4 (a) in Ref. 15 , we observed a QTCP where first order AFM-FM transition changes into the second order AFM-FM transition at 2.8 T at 5.4 GPa (see Fig. 7 (g) ). Very recently QTCP has experimentally observed in NbFe 2 [56] .
The constructed, partial, T − p − H phase diagram of CeTiGe 3 based on resistivity measurements is shown in Fig. 9 . A FM QCP in CeTiGe 3 is avoided by the appearance of MP1 and MP2 phases, and shows field induced wing structure above 4.1 GPa. The estimated QTCP is shown by the open red circle. In order to provide clear picture of the wing structure phase diagram, we show only selected phases here (see Fig. 10 for H-T phase diagrams at various pressures). In the case of the itinerant the ferromagnet, LaCrGe 3 [12, 14] , the second-order FM transition becomes a first order at a tricritical point in the T -p plane and application of a magnetic field reveals a wing structure phase diagram. Appearances of modulated magnetic phase in LaCrGe 3 [14] makes it the first example of new type of phase diagram of metallic quantum ferromagnets. Unlike LaCrGe 3 (Fig. 5 in Ref. [14] ), where, wings are extended beyond the AFM phases, the observed wings in CeTiGe 3 are always bounded by the AFM phases. This can be clearly visualized in Fig. 7 (g) (for comparison see Fig. 4 in Ref. [14] ). The observation of QTCP in metallic magnets in the case of appearance of AFM order in addition to the FM order is theoretically described by Belitz and Kirkpatrick [15] . This theoretical finding is consistent with our experimental observation of QTCP in CeTiGe 3 . Therefore, CeTiGe 3 is a good example of a Ce-based compounds in which the system can be driven into various magnetic ground state by fine tuning of the exchange interaction achieved by temperature, pressure and magnetic field.
CONCLUSIONS
We have measured the high pressure electrical resistivity of CeTiGe 3 up to 5.8 GPa and 9 T and found a complex T − p − H phase diagram. The ferromagnetic transition at ambient pressure initially slightly increases and then decreases, indicates that CeTiGe 3 is located just below the maximum (left side) of the Doniach phase diagram. The ferromagnetic transition suppresses near 4.1 GPa and cascade of phase transitions are observed above that. Change in residual resistivity near 4.1 GPa and 5.3 GPa suggests a modification of the electronic structure upon entering these magnetic phases. Thus, CeTiGe 3 is another clear example of avoided ferromagnetic quantum critical point due to appearance of magnetic phase (probably antiferromagnetic). Application of magnetic field under pressure above 4.1 GPa reveals wing structure phase diagram. In contrast to the wing critical point in LaCrGe 3 , we observed a tricritical point in H-p plane, which corresponding to the boundary of the wing structure. Estimated quantum tricritical point of CeTiGe 3 is located at 2.8 T at 5.4 GPa. We believe that the present work will stimulate further experiments to investigate the properties of this material. Also, we observed an additional shoulder-like anomaly in ρ(H) at 5.76 GPa (gray color star in Fig. 7 (c) and Fig. 10 ). When the temperature was increased, it became broadened and merged with H1 and no loner resolvable. H1, H2 and H3 are the anomalies observed in ρ(H) data as shown in Fig. 5 (c) 
